SUMMARY
The spindle and kinetochore-associated (Ska) protein complex is required for accurate chromosome segregation during mitosis [1] [2] [3] [4] [5] [6] and consists of two copies each of Ska1, Ska2, and Ska3 proteins [4, 7] . The Ska complex contains multiple microtubule-binding elements and promotes kinetochoremicrotubule attachment [8] [9] [10] [11] . The Ska1 C-terminal domain (CTD) recruits protein phosphatase 1 (PP1) to kinetochores to promote timely anaphase onset [12] . The Ska complex regulates, and is regulated by, Aurora B [13] . Aurora B phosphorylates both Ska1 and Ska3 to inhibit the kinetochore localization of the Ska complex [14] . Despite its multitude of functions at kinetochores, how the Ska complex itself is recruited to kinetochores is unclear. It is unknown whether any mitotic kinases positively regulate the localization of the Ska complex to kinetochores. Here, we show that Cdk1 phosphorylates Ska3 to promote its direct binding to the Ndc80 complex (Ndc80C), a core outer kinetochore component. We also show that this phosphorylation occurs specifically during mitosis and is required for the kinetochore localization of the Ska complex. Ska3 mutants deficient in Cdk1 phosphorylation are defective in kinetochore localization but retain microtubule localization. These mutants support chromosome alignment but delay anaphase onset. We propose that Ska3 phosphorylated by Cdk1 in mitosis binds to Ndc80C and recruits the Ska complex to kinetochores where Ska1 can bind both PP1 and microtubules to promote anaphase onset.
RESULTS AND DISCUSSION

Cdk1-Dependent Phosphorylation of Ska3 during Mitosis Is Required for Its Kinetochore Targeting
The Ska complex localizes to spindle microtubules and kinetochores during mitosis [1] [2] [3] [4] [5] [6] . Ska1 and Ska3 have both been shown to bind microtubules independently [8] [9] [10] , but how the complex is targeted to kinetochores has not been determined. The Ndc80 complex (Ndc80C), a component of the KMN (Knl1/ Mis12/Ndc80 complex) network, is required for the kinetochore recruitment of the Ska complex [2-4, 14, 15] , but a direct interaction between the Ndc80 and Ska complexes has not been demonstrated.
The Ska3 protein undergoes a gel mobility shift on SDS-PAGE during mitosis that can be reversed by l phosphatase treatment, indicating that Ska3 is hyperphosphorylated during mitosis [2, 5, 16] (Figure 1A ). To determine which mitotic kinase is responsible for this hyperphosphorylation, we treated HeLa cells with chemical inhibitors to inactivate various mitotic kinases, including Cdk1 (RO 3306), Aurora B (ZM447439), Mps1 (reversine), or Plk1 (BI2536). Only Cdk1 inhibition prevented the hyperphosphorylation of Ska3 ( Figure 1B ). We also observed a similar effect of RO 3306 on GFP-tagged Ska3 ( Figure S1A ). Thus, Cdk1 is required for the hyperphosphorylation of Ska3 in cells. We note that Cdk1 inhibition is expected to cause cells to undergo mitotic exit. Thus, we could not distinguish whether the loss of Ska3 phosphorylation was due to direct Cdk1 inhibition or subsequent mitotic exit. The Ska3 protein has 14 [S/T]P sites that conform to the minimal consensus sequence of Cdk1 substrates ( Figure 1C ). Mutation of all 14 Cdk1 consensus sites to alanine (Ska3 14A) abolished Ska3 recruitment to the kinetochore ( Figures 1D and  1E ), suggesting that Cdk1 phosphorylation of Ska3 might play a critical role in regulating its kinetochore localization.
To identify the relevant phosphorylation sites in Ska3 in vivo, we performed mass spectrometric analysis on Myc-tagged Ska3 isolated from mitotic HeLa cells. We identified T265, S267, S346, T358, T360, and T384 as phospho-residues (Figures 1C and S1B). We then analyzed how the phosphorylation of these sites affected Ska3 kinetochore localization. Because microtubules promoted Ska3 recruitment to the kinetochore, we treated cells with high concentrations of nocodazole (5 mM) to prevent any contribution from microtubules on Ska3 kinetochore localization. Expression of GFP-Ska3 fragments showed that the C-terminal region of Ska3 (residues 343-412) is necessary for kinetochore localization ( Figures  1D-1F ). This region includes four identified Cdk1 phosphorylation sites, including S346, T358, T360, and T384. We mutated each of the four residues to alanine in full-length Ska3 to test kinetochore localization. Mutation of T358 or T360 or both (2A), but not S346 or T384, to alanine severely compromised Ska3 kinetochore localization. To exclude any effect from the GFP tag, we also expressed Myc-tagged Ska3 wild-type (WT) and mutants and tested their localization (Figures S1C-S1E). Myc-Ska3 T358A/T360A, but not other phospho-deficient mutants, exhibited defective kinetochore localization. Thus, phosphorylation of T358 and T360 of Ska3 is required for Ska3 binding to the kinetochore. Sequence alignment shows that the T358 site is conserved in vertebrates (Figure 1G) . The phospho-mimicking mutants of Ska3, T358D, T360D, or 2D supported Ska3 kinetochore localization ( Figures  1D-1F ). Introducing the phospho-mimicking mutation at both T358D and T360D while keeping all 12 other sites as alanines (12A-2D) largely restored Ska3 kinetochore localization. These Immunoprecipitated proteins were treated with mock or l phosphatase and then resolved with SDS-PAGE and blotted with the indicated antibodies. (B) Cdk1 kinase phosphorylates Ska3. Nocodazole-arrested HeLa Tet-On cells were treated with the inhibitors of various mitotic kinases for 3 hr at the indicated concentrations: CDK1 inhibitor, RO3306 (10 mM); Aurora B inhibitor, ZM447439 (25 mM); Mps1 inhibitor Reversine (1 mM); and Plk1 inhibitor, BI2356 (500 nM). MG132 (10 mM) was added to prevent mitotic exit. The cell lysates were resolved on SDS-PAGE and blotted with anti-Ska3 antibodies. (C) Schematic drawing of hSka3 with 14 potential CDK1 sites in the C terminus marked with stars. The numbered amino acid residues are shown here. (D) GFP-Ska3 T358A or T360A fails to localize at kinetochores. HeLa cells depleted of endogenous Ska3 were transfected with indicated GFP-Ska3 WT or mutants. Expression of transgene was detected using anti-GFP antibody. This experiment was repeated three times. results suggest that Cdk1-dependent phosphorylation of T358 and T360 suffices to support Ska3 kinetochore targeting.
We next generated a phospho-specific antibody that recognized the phosphorylated T358 and T360 residues. In lysates made from mitotic HeLa cells stably expressing GFP-Ska3 WT, T358A, T360A, 2A, or 2D, the phospho-antibody specifically recognized the slower-migrating hyperphosphorylated WTSka3 proteins, but not the T360A, 2A, and 2D mutant proteins, attesting to its specificity (Figure 2A ). This antibody weakly recognized the Ska3 T358A mutant, suggesting that it could recognize Ska3 singly phosphorylated at T360 to some extent ( Figure 2A ). We also immunoprecipitated Ska3 from lysates of mitotic cells expressing Myc-Ska3 WT or 2A and found that the phospho-antibody detected only Ska3 WT, but not the 2A mutant ( Figure S2A) . Furthermore, the phospho-antibody recognized only the hyperphosphorylated endogenous Ska3 in mitotic cells arrested with nocodazole, but not Ska3 in cells arrested at G1/S by thymidine ( Figure 2B ). Histone H3 serine 10 phosphorylation showed that the nocodazole lysates were indeed mitotic ( Figure 2B ). Thus, Ska3 phosphorylation on T358 and T360 occurs specifically during mitosis and can be detected by our phospho-antibody.
To test whether Cdk1 phosphorylated Ska3 in vitro, we purified recombinant His 6 -Ska3 (residues 141-412) WT and 2A proteins from bacteria and treated them with recombinant Cdk1 in kinase reactions containing cold ATP. We could detect a slower-migrating band in the WT sample on SDS-PAGE gel stained with Coomassie. This band was recognized by our phospho-T358/T360 Ska3 antibody ( Figure 2C ). Thus, Ska3 can be phosphorylated by Cdk1 on T358 and T360 sites in vitro.
Ska3 Is Required for Ska1 and Ska2 Localization to the Kinetochore We next tested whether Ska3 was required for Ska1 or Ska2 localization. In HeLa cells depleted of endogenous Ska3, neither GFP-Ska1 nor GFP-Ska2 localized to the kinetochore ( Figures  2D and S2B ). This defect was not because of a decrease in levels of GFP-Ska1 or GFP-Ska2 proteins, as western blots showed that levels of the exogenous Ska proteins were comparable with or without Ska3 depletion ( Figure S2C ). Ska3 depletion significantly decreased Ska3 signals at the kinetochore by immunostaining and the protein levels of Ska3 by western blot (Figures S2D and S2E) . Thus, Ska3 is required for Ska1 and Ska2 localization to the kinetochore.
Cdk1 Phosphorylation Is Dispensable for Ska3
Microtubule Localization Because Ska3 localizes to both spindle microtubules and kinetochores, we next determined whether the microtubule localization of Ska3 was affected by T358/T360 phosphorylation in MG132-arrested metaphase HeLa cells. As expected, GFPSka3 WT localized to both kinetochores and microtubules. GFP-Ska3 T358A, T360A, and 2A mutants localized to spindle microtubules, but not to kinetochores (Figures 2E-2G) . We also obtained similar results using Myc-tagged Ska3 (Figures S2F-S2H ). Thus, Cdk1-mediated phosphorylation of T358/T360 is not required for Ska3 association with microtubules. We have thus identified a mutant that is specifically defective for kinetochore localization, not spindle localization. This mutant can now be used to investigate the kinetochore role of Ska3.
We next tested whether the Ska3 mutants supported stable kinetochore-microtubule attachment by incubating mitotic cells at cold temperature (4 C) before fixation. Consistent with previous studies [2, 15] , depletion of Ska3 decreased stability of kinetochore-microtubule attachment ( Figures 2H and 2I) . Expression of Myc-Ska3 WT or 2A restored stable kinetochore-microtubule attachment ( Figures 2H and 2I ). Thus, even though Ska3 2A mutant is severely compromised in kinetochore localization, it can support stable microtubule attachment, suggesting that the spindle association of Ska3 might be more critical for kinetochore-microtubule attachment.
Cdk1-Mediated Ska3 Phosphorylation Promotes Binding to the Ndc80 Loop
Previous studies have implicated Ndc80 to be the receptor of the Ska complex at the kinetochore [2-4, 14, 15] . One study has proposed that the Ndc80 loop region may play a role in binding to the Ska complex [15] . To test this hypothesis, we expressed Myc-tagged full-length (FL) Ndc80 or Ndc80 DLoop in HeLa cells depleted of endogenous Ndc80 and determined the localization of Ska3. The cells were treated with 5 mM nocodazole to avoid any contribution from microtubules on Ska localization. Ska3 localized to the kinetochores in mock-treated cells. As shown before, depletion of Ndc80 by small interfering RNA (siRNA) largely decreased the localization of Ska3 at the kinetochore [2] [3] [4] 16] . Expressing the siRNA-resistant Myc-Ndc80 FL fully rescued the kinetochore localization of Ska3, whereas expressing the Myc-Ndc80 DLoop construct did not ( Figures 3A and 3B ). Both Myc-Ndc80 FL and DLoop localized to kinetochores and were expressed at similar levels based on both immunostaining and western blotting ( Figures 3B and 3C ). Total endogenous Ska3 protein levels were also similar when Ndc80 WT or Ndc80 DLoop was expressed ( Figure 3C ). These results indicate that the kinetochore localization of Ska3 depends on the loop region of Ndc80. This finding strongly implicates Ndc80C as the kinetochore receptor of Ska3. To further confirm this, we examined the Ndc80-Ska3 interaction in cells by performing coimmunoprecipitation assays. Myc-Nuf2 and Myc-Ndc80 WT or DLoop were co-expressed in MG132-arrested HeLa cells and precipitated by anti-Myc antibodies. Myc-Ndc80 WT interacted with Ska3, and deletion of the loop reduced this interaction (Figure 3D) , suggesting that the Ndc80 loop is important for the Ndc80-Ska3 interaction.
We next sought to determine whether phosphorylated Ska3 could bind to Ndc80C in vitro. We generated purified recombinant His 6 -Ska3 (residues 141-412) WT, 2A, and 14A proteins. In the presence of Cdk1 and ATP, Ska3 WT underwent efficient phosphorylation as indicated by the gel mobility shift (Figure 3E ). Ska3 2A had greatly diminished Cdk1-dependent phosphorylation, and Ska3 14A was not phosphorylated. We then co-expressed GST-Nuf2 and Ndc80 in bacteria, purified the resulting recombinant GST-Nuf2-Ndc80 complex, and performed GST pull-down assays. Only the phosphorylated slower-migrating Ska3 WT, but not the Ska3 2A or 14A mutants, interacted with GST-Nuf2-Ndc80 ( Figure 3E ). Moreover, His 6 -Ska3 WT full length interacted with GST-Nuf2-Ndc80 in a Cdk1-dependent manner ( Figure S3A) . Interestingly, the His 6 -Ska3 (residues 141-412) 2D mutant without Cdk1 treatment already exhibited binding to Ndc80 ( Figure 3F ), consistent with the fact that Ska3 12A-2D could target to the kinetochore. Cdk1 treatment further enhanced the binding of Ska3 2D to Ndc80, suggesting that phosphorylation of other Cdk1 sites in Ska3 further contributes to the Ndc80C-Ska3 interaction, although this contribution is not apparent in our kinetochore localization assay. We next purified the GST-Ndc80C Bonsai construct that lacks the loop region of Ndc80 as well as the coiled coil regions of Ndc80C [17] . Phosphorylated His 6 -Ska3 interacted with the full-length GST-Nuf2-Ndc80, but this interaction was severely compromised in the GST-Ndc80C Bonsai pull-downs (Figure 3G) . We also obtained a similar result using cell lysates containing endogenous Ska3 ( Figure S3B) . Thus, the coiled coil region of Ndc80C, along with the loop, is required for binding to phosphorylated Ska3 in vitro.
We were unable to purify well-behaved recombinant intact Ska complex and could not test the contributions of Ska1 and Ska2 in Ndc80C binding. We also could not detect the interaction between the endogenous Ska complex and Ndc80C in mitotic HeLa cell lysates. We speculate that this interaction (E) Ska3 phosphorylation at T358 and T360 is required for its binding to Ndc80. Recombinant 6xHis-Ska3 (141-412) WT, 2A (T358A T360A), or 14A (mutation of all 14 CDK sites) fragments treated with CDK1-cyclin B1 in the presence or absence of ATP were incubated with glutathione Sepharose beads pre-bound with glutathione S-transferase (GST) or GST-Nuf2-Ndc80. Pelleted proteins were resolved with SDS-PAGE and subjected to CBB staining and western blot analysis with the indicated antibodies. (F) Phosphor-mimetic 2D is sufficient for the Ska3-Ndc80 binding. The same GST pull-down assay was performed as in (E) using recombinant 6xHis-Ska3 (141-412) WT or 2D (T358D T360D). (G) Recombinant 6xHis-Ska3 (141-412) fragments treated with CDK1-cyclin B1 in the presence of ATP were incubated with beads pre-bound with GST, GSTNuf2-Ndc80, or GST-Ndc80-Bonsai. Proteins were resolved by SDS-PAGE and subjected to Coomassie Brilliant Blue staining and western blot analysis with the indicated antibodies. Pi represents phosphorylated Ska3; Un-pi is unphosphorylated Ska3. See also Figure S3 . might be too transient to be detected by immunoprecipitation. Nevertheless, our results show that phosphorylated Ska3 can interact with full-length Ndc80-Nuf2 in vitro, and this interaction is dependent on the Ndc80 loop region in vivo.
Ska3 Phosphorylation Is Required for Timely Anaphase Onset
We next sought to understand the phenotypic consequences of Cdk1-mediated phosphorylation of Ska3 at T358/T360. HeLa cells stably expressing GFP-tagged Ska3 WT, 2A, or 2D were either mock transfected or depleted of the endogenous Ska3 with siRNA. Time-lapse imaging was performed to determine whether mitotic progression was affected in WT, 2A, or 2D mutants. Western blotting shows that the stable cell lines expressed equal amounts of the transgene and were depleted of endogenous Ska3 ( Figure S4 ). GFP-Ska3 WT cells progressed through mitosis normally with an average mitotic duration (time from nu- 4B ). Expression of Ska3 2A or Ska3 2D in the presence of endogenous Ska3 caused a slight delay in mitosis, with average mitotic durations of 49 or 44 min, respectively. Ska3 depletion in HeLa cells causes a long delay in mitotic progression, with an average mitotic duration of about 120 min. Expression of GFP-Ska3 WT in cells with endogenous Ska3 depleted rescued the delay in mitosis and reduced the average mitotic duration to 37 min. In contrast, expression of the Ska3 2A mutant in these cells was deficient in alleviating the mitotic delay caused by Ska3 depletion, indicating an important role of Ska3 phosphorylation and subsequent kinetochore targeting in promoting anaphase onset. The Ska3 2D mutant was more efficient than the 2A mutant but less efficient than WT in rescuing the mitotic delay, suggesting either that the 2D mutant does not completely mimic phosphorylation or that dynamic phosphorylation/dephosphorylation cycles are required for proper mitotic progression. In addition to the mitotic delay, Ska3 depletion caused 46% of cells to arrest at metaphase, ultimately causing cohesion fatigue [1] . We observed that, in Ska3-2A-expressing cells, depletion of endogenous Ska3 caused 12% of cells to undergo mitotic arrest followed by cohesion fatigue ( Figure 4D ).
In lines with the previous reports, depletion of Ska3 resulted in delayed chromosome alignment [2] [3] [4] . As expected, expression of Ska3 WT and 2D rescued the delay ( Figure 4C ). Consistent with the ability of Ska3 2A to support stable kinetochore-microtubule attachment, expression of Ska3 2A also largely rescued the delay in chromosome alignment ( Figure 4C ). Thus, Ska3 kinetochore targeting might not be essential for proper chromosome alignment but required for anaphase onset.
Taken together, these results indicate that phosphorylation of Ska3 on T358 and T360 and likely the kinetochore targeting of Ska are required for timely anaphase onset. Expression of 2A mutant that cannot be phosphorylated by Cdk1 on T358 and T360 causes long delays in mitotic progression in a majority of cells and permanent mitotic arrest in a small percentage of cells.
We attempted to rescue mitotic defects caused by Ska3 2A expression by tethering the 2A mutant to the kinetochore using a Mis12-Ska3 fusion. Surprisingly, expression of Mis12-Ska3 WT caused delays in both alignment and anaphase onset, suggesting that artificial targeting of Ska3 to the kinetochore is detrimental to mitotic progression.
In summary, we have shown that Ska3 phosphorylation by Cdk1 is required for its direct binding to Ndc80C and hence recruitment to the kinetochore. Phosphorylation of Ska3 at T358 and T360 specifically regulates the kinetochore localization of Ska3 but does not affect the spindle association of Ska3. Thus, we have identified a mutant that can separate the role of Ska3 at the kinetochore from its role in spindle association. Interestingly, this separation-of-function mutant appears to largely support chromosome alignment, but not anaphase onset. Furthermore, we show that Ska3 is required for localizing Ska1 and Ska2 to the kinetochore. Studies by others have shown that Ska1 binds microtubules to stabilize microtubule attachments and promote anaphase onset [8, 9] . We have previously shown that Ska1 binds PP1 and recruits it to the kinetochore to initiate anaphase and mitotic exit [12] . We propose that Cdk1-dependent phosphorylation of Ska3 promotes the kinetochore localization of Ska3 ( Figure 4E ). Ska3 in turn recruits Ska1 and Ska2 to kinetochores. The Ska complex then mediates microtubule and PP1 binding to initiate anaphase and hence mitotic exit.
Kinetochore accumulation of the Ska complex is dynamic [3, 13] . This accumulation starts at prometaphase and peaks by metaphase [5] . Aurora B and PP1 have recently been shown to regulate the accumulation of the Ska complex at kinetochores [13, 14] . Our studies unravel a microtubule-independent role of Cdk1-mediated phosphorylation in regulating Ska3-Ndc80C binding. In the future, it will be important to test how the mitotic kinases regulate Ska localization in the presence of microtubules. Furthermore, both Ndc80 and Ska complexes bind microtubules. The Ska complex tracks depolymerizing microtubule ends and binds both curved protofilaments and microtubule lattice [8, 9] . As such, the Ska complex has been proposed to impart its microtubule-tracking capabilities to Ndc80C, thereby helping the KMN network to make stable end-on attachment to microtubules [8] .
The Ndc80 internal loop has been suggested to function as a platform to recruit various mitotic regulators, including Cdt1, Dam1, and Ska [15, 18, 19] . We provide evidence to suggest that the Ndc80 loop is required for the binding of phosphorylated Ska3 to Ndc80C. As the loop has been proposed to regulate the flexibility of Ndc80 structures [20] , it will be interesting to test whether binding of the Ska complex and other factors to this internal loop can modify the flexibility of the Ndc80C structure, thus promoting the formation of stable kinetochore-microtubule interactions. Future studies will test how the phosphorylationenabled binding of the Ska complex to Ndc80C regulates microtubule binding by Ndc80C and the KMN network.
Cdk1 is the master kinase that modifies a multitude of proteins in mitosis to initiate important events, such as chromosome condensation, nuclear envelope breakdown, and spindle formation. Here, we show that Cdk1 also phosphorylates Ska3 to increase the binding of the Ska complex to Ndc80C at the kinetochore. Phosphorylation-deficient Ska3 mutants specifically lose kinetochore localization but retain spindle association. These mutants support the function of Ska in chromosome alignment, but not anaphase onset, suggesting that the kinetochorebound pool of Ska mediates a major function of the Ska complex. As we have previously established a requirement for Ska-dependent recruitment of PP1 to kinetochores in initiating anaphase and mitotic exit, Cdk1 thus ultimately promotes its own demise by activating the Ska complex and altering the kinase-phosphatase balance at kinetochores.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
HeLa Tet-On cells used in this study were originally purchased from Clontech and later authenticated through STR profiling by ATCC. HeLa Tet-On cells were originally derived from a female patient.
E.coli. BL21 cells were grown at 37 C. Induction of protein expression by IPTG was carried out at 16 C.
METHOD DETAILS
Mammalian Cell Culture, siRNAs, and Transfection HeLa Tet-On cells (Clontech) were cultured in Dulbecco's modified Eagle's medium (DMEM, Invitrogen) supplemented with 10% fetal bovine serum and 10mM L-glutamine. To arrest cells at G1/S, cells were incubated in the growth medium containing 2mM thymidine (Sigma) for 18h. Nocodazole, MG132 and RO3306 were purchased from Sigma Aldrich. ZM447439 was bought from Tocris Bioscience. Reversine was purchased from Cayman Chemical. BI2536 was purchased from Selleck Chemicals. Plasmid transfection was done using the Effectene reagent (QIAGEN) according to the manufacturer's protocols. To construct the stable cell lines, HeLa Tet-On cells were transfected with pTRE2 vectors encoding RNAi-resistant MYC or GFP-SKA3 WT or 2A (T358A T360A) or 2D (T358D T360D) and selected with 350mgml À1 hygromycin (Invitrogen). The surviving clones were screened for expression of the desired proteins in the presence of 1 mgml À1 doxycycline (Invitrogen).
For RNAi experiments, the siRNA oligonucleotides were purchased from Thermo Scientific. HeLa cells were transfected using Lipofectamine RNAiMax (Invitrogen) and analyzed at 24-48h after transfection. The sequences of the siRNAs used in this study are: Ska3 siRNA, GGAUAUAGUCCACGUGUCA (D-015700-17, MQ-015700-01-0002, Thermo Scientific); Ndc80 siRNA, GAGUAGAA CUAGAAUGUGA [21] .
Antibodies, Immunoblotting, and Immunoprecipitation
The following antibodies were used in this study: Anti-centromere antibody (ACA or CREST-ImmunoVision, HCT-0100), anti-Myc (Roche, 11667203001), anti-Tubulin (Sigma), anti-Actin (Thermo Scientific, MA5-11869). Anti-APC2, anti-GFP and anti-Ndc80 antibodies were made in-house as described previously [21, 22] .
To make the human anti-Ska3 antibody fragments of human 6xHis-Ska3 (1-205) were expressed in E.coli and purified. The purified Ska3 fragments were injected into rabbits and two months later, rabbit sera were collected. Affinity-purification was done to purify the antibody from the sera using the recombinant Ska3 fragment-coupled beads.
To make anti-pSka3 antibodies, Ska3 phospho-peptides (CNLLR(pT)P(pT)PPEV) with phosphorylations on T358 and T360 were ordered from Kaybay Bio. The phospho-peptide was covalently coupled to LHC proteins. The coupled peptides were used to immunize rabbits. Two months later, rabbit sera were collected and antibodies were affinity purified using the beads coupled to phospho-peptides.
For immunoblotting, purified or monoclonal antibodies were used at 1mgml À1 concentration. To blot with crude serum (anti-APC2), a dilution of 1:1,000 was used. For immunoprecipitation, anti-myc, anti-Ska3 antibodies were coupled to Affi-Prep Protein A beads (Bio-Rad) at a concentration of 1mgml À1 .
Immunoprecipitation was performed as described before [23] . HeLa Tet-On cells were lysed with lysis buffer (25mM Tris-HCl at pH7.5, 50mM NaCl, 5mM MgCl 2 , 0.1% NP-40, 1mM DTT, 0.5mM okadaic acid, 5mM NaF, 0.3mM Na 3 VO 4 10mM b-glycerophosphate and 100unitsml
À1 Turbo-nuclease (Accelagen). After a 1-h incubation on ice and then a 10 min incubation at 37 C, the lysate was cleared by centrifugation for 20min at 4 C at 20,817g. The supernatant was incubated with the antibody beads for 2h at 4 C. The beads were washed four times with wash buffer (25mM Tris-HCl at pH7.5, 50mM NaCl, 5mM MgCl 2 , 0.1% NP-40, 1mM DTT, 0.5mM okadaic acid, 5mM NaF, 0.3mM Na 3 VO 4 10mM b-glycerophosphate). The proteins bound to the beads were dissolved in SDS sample buffer, separated by SDS-PAGE and blotted with the appropriate antibodies. Experiment in Figure 3D was repeated twice and the results were reproducible.
Immunofluorescence and Chromosome Spread
Chromosome spreads and immunostaining were performed as described before [22] . Mitotic cells were swelled in a pre-warmed hypotonic solution containing 75mM KCl for 15min at 37 C and then spun onto slides with a Shandon Cytospin centrifuge. Cells were first extracted with ice-cold PBS containing 0.2% Triton X-100 for 2min and then fixed in 4% ice-cold paraformaldehyde for 4min. Cells were washed with PBS and then incubated with primary antibodies overnight at 4 C. Cells were washed three times with PBS containing 0.1% Triton X-100 and incubated at room temperature for 1h with the appropriate secondary antibodies conjugated to fluorophores (Molecular Probes). After incubation, cells were washed again with PBS containing 0.1% Triton X-100, stained with 1mgml
À1 DAPI and mounted with Vectashield. The images were captured under a 3 100 objective on a Deltavision microscope (Applied Precision). A series of z-stack images was taken at 0.2-mm intervals, deconvolved and projected. Or, the images were taken by a Nikon confocal microscope with a 3 100 objective. Image processing and quantification were carried out with ImageJ. For quantification, a mask was generated to mark all centromeres on the basis of ACA staining in the projected image. Five or ten centromeres were randomly selected from each cell. After background subtraction, the mean intensity for objects in the mask in each channel was measured. These values were then normalized by the intensity of ACA signals, and plotted with the Graphpad Prism. Experiments in Figures 1D, 2D , 3A and 4A were repeated three times, and experiments in Figures 2E, S1C and S2F were repeated twice. All the results were reproducible. Quantification was performed based on the results from a single experiment. Standard deviation was calculated using Graphpad Prism or Microsoft Excel. All the samples analyzed were included in quantification. Sample size was recorded in figures and their corresponding legends. No specific statistical methods were used to estimate sample size. For microtubule cold-sensitivity assay, collected cells were spun onto slides with a Shandon Cytospin centrifuge after washed with PBS once. Slides with cells on were treated on ice for 8 min and then in 4% paraformaldehyde for 4min. The images were captured under a 3 100 objective on a Nikon confocal microscope. Image processing and quantification were carried out with ImageJ. For quantification, masks were generated to mark DNA or microtubules in the image. After background subtraction, the mean intensity for objects in the masks was measured. These values were then normalized by the intensity of DNA signals, and plotted with the Graphpad Prism software. Experiment in Figure 2H was repeated twice and the results were reproducible. Quantification was performed based on the results from a single experiment. Standard deviation was calculated using Graphpad Prism. All the samples analyzed were included in quantification. Sample size was recorded in the figure and its corresponding legends. No specific statistical methods were used to estimate sample size.
Time-Lapse Microscopy
HeLa cells were stained with a cell permeable Hoechst dye (33342; Invitrogen) at a concentration of 25-50 ng/ml prior to time-lapse imaging. This allowed us to visualize the DNA. Long term imaging was performed and images were collected every 5 min for 24-48h using a Leica inverted microscope equipped with an environment chamber that controls temperature and CO 2 , 40X objective, an Evolve 512 Delta EMCCD camera, and Metamorph software (MDS Analytical Technologies, Sunnyvale, CA). Image panels displaying the elapsed time between consecutive frames were assembled using Metamorph or ImageJ software. The time taken for each cell to progress from nuclear envelope breakdown (NEB) to anaphase onset (chromatid separation) was calculated in minutes, and plotted in Graphpad Prism. At least 75 cells in each condition were counted. Only cells with anaphase initiation were recorded in Figure 4B . Cells with mitotic arrest followed by cohesion fatigue were recorded in Figure 4D . In the depicted graphs, each dot represents one cell and the horizontal and vertical lines indicate the mean and standard deviation respectively of the population. This experiment was repeated for three times and the results were reproducible. Quantification was performed based on the results from a single experiment. Standard deviation was calculated using Graphpad Prism. All the samples analyzed were included in quantification. Sample size was recorded in the figure and its corresponding legends. No specific statistical methods were used to estimate sample size.
blotted with the desired antibodies or stained with Coomassie Brilliant Blue (CBB). All the pull-down experiments in Figures 3 and S3 were repeated at least 3 times and the results were reproducible.
To perform in vitro kinase assay, 6xHis-Ska3 (141-412) fragments were treated with CDK1-Cyclin B1 in the presence or absence of ATP in kinase buffer (20mM Tris-HCl, 50mM NaCl, 2mM MgCl 2 and 1mM DTT, pH7.5). The treated fragments were incubated with Gluthathione Sepharose beads pre-bound with GST, GST-Nuf2-Ndc80 or GST-Ndc80-Bonsai. After washing with wash buffer (20mM Tris-HCl, 50mM NaCl, 0.1% NP-40,pH7.5), proteins bound to pelleted beads were dissolved in SDS sample buffer, resolved in SDS-PAGE and blotted with the desired antibodies or stained with Coomassie Brilliant Blue. This experiment was repeated twice and the results were reproducible.
QUANTIFICATION AND STATISTICAL ANALYSIS
ImageJ was used to obtain numeric intensities of experimental subjects under investigation. In the experiments of Figures 1D, 2D, 2E , 3A, and S1C, five or ten centromeres were randomly selected from each cell. A mask was generated to mark centromeres on the basis of ACA staining in the projected image. After background subtraction, the mean intensity for objects in the mask in each channel was measured. These values were then normalized by the intensity of ACA signals, and plotted with Graphpad Prism or Microsoft Excel. In the experiment of Figures 2H and S2F, masks were generated to mark DNA or microtubules in the image. After background subtraction, the mean intensity for objects in the masks was measured. These values were then normalized by the intensity of DNA signals, and plotted with Graphpad Prism. Standard deviation was calculated using Graphpad Prism or Microsoft Excel. All the experiments were repeated at least twice or three times. Quantification was performed based on the results from a single experiment. All the samples analyzed were included in quantification. Sample size was recorded in figures and their corresponding legends. No specific statistical methods were used to estimate sample size. No methods were used to determine whether the data met assumptions of the statistical approach.
